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INTRODUCTION 
It is well known that a pressure or stress derivative measurement of the sound 
velocity gives information about the nonlinear elastic properties of the material under 
investigation. Over the last several decades numerous experiments on various solids using 
uniaxial stress apparatus or oil-filled hydrostatic pressure chambers have been reported. In 
most cases the pressure or stress must be increased to several thousand kilobars to obtain 
reasonable measurements. The necessity of using such high pressure usually results from 
the low sensitivity of the devices or techniques used to measure the change in the sound 
velocity. 
In the present work a newly developed technique using constant frequency pulse 
phase-locked loop (CFPPLL) technology [1] is adopted for measuring velocity changes. The 
system has a sensitivity of the order of parts in 108 and allows accurate measurements of 
relative velocity to be made with increasing hydrostatic pressure to the order of 700 psi. 
More specifically, hydrostatic pressure-induced variations in the longitudinal mode natural 
sound velocities W are described for a silicon single crystal sample oriented along the [110] 
direction and for samples of aluminum 2024-T4 alloy fatigued from 3 cycles to 100 kcycles 
at a load of 276 MPa at an R value of zero. The hydrostatic pressure was cyclically varied in 
5 psi increments from zero to 700 psi back to zero in a pressure vessel maintained at a 
temperature of 26°C. The data taken for the silicon [110] show that the value of the pressure 
derivative of the natural sound velocity, dW/dP, is approximately 14% higher than the value 
measured by McSkimin and Andreatch [2] in the 1960s with the pulse superposition method. 
For the fatigued aluminum samples, a logarithmic relation between dW/dP and the number of 
fatigue cycles is found. Another set of data shows a pronounced hysteresis in the sound 
velocity versus pressure curve. 
CONSTANT FREQUENCY PULSE PHASE-LOCKED LOOP SYSTEM (CFPPLL) 
Basic Considerations 
The CFPPLL is designed to measure the phase change of an ultrasonic wave resulting 
from the variation of the sound velocity in a medium exposed to a variation in stress or 
Review of Progress in Quantitlltive Nondestructive Evaluation, Vol. 12 
Edited by D.O. Thompson and D.E. Chimenti, Plenum Press, New Yolk. 1993 2075 
pressure, or other appropriate intrinsic variable. We seek a relationship between the 
measured phase change and the change in sound velocity. Consider a sample in which the 
length along the sound propagation direction at zero pressure is La and changes to length L 
under stress as shown in Fig. 1. The true sound velocity Y can be written as 
where t is time. The acoustic natural velocity W is defined as 
W=Lo =Loy 
t L 
(1) 
(2) 
where the last equality follows from Eq. (1). Differentiating Eq. (2) with respect to time, one 
obtains 
.:1 W = - La .:1t 
t2 
(3) 
The relative change in the natural velocity is obtained from Eqs. (2) and (3) in terms of time t 
as 
(4) 
Multiplying the numerator and denominator on right-hand side of Eq. (4) by the angular 
velocity COo, we obtain 
.:1 W = _ 0)0 .:1t 
W 0)0 t (5) 
If we define the quantity COot to be the phase <1>0 of the unstressed natural velocity, then the 
quantity O)o.:1t is the change in phase. Thus, Eq. (5) may be written as 
I1W =_11<1> 
W <1>0 (6) 
Eq. (6) expresses the relationship between the relative change in the phase and the relative 
change in the acoustic natural velocity. 
Sound Wave 
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Fig. 1. Illustration for the change in sample length under hydrostatic pressure. Only the 
direction that affects the path length of the sound wave is considered. 
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Operational Principles of the CFPPLL 
In order to understand the basic principles of operation of the CFPPLL system 
consider the frequency synthesizer and two signal paths shown in Fig. 2. In addition to the 
signal paths, path 1 for measurement and path 2 for reference, the power splitter feeds the 
timing control circuitry which generates all timing pulses. Path 1 shows the progression 
from the frequency synthesizer to the gate where an adjustable width toneburst is formed. 
The tone burst signal is amplified by the drive amplifier and coupled to a 5 MHz LiNb03 
compressional transducer through the coupling-decoupling network to generate an acoustical 
toneburst signal. The acoustic tone burst travels through sample and is reflected at the 
opposite end of the sample. The reflected signal travels the sample in the opposite direction 
and impinges upon the transducer as an echo from the original pulse. Any change in the 
sample (e.g. velocity changes or path length changes) produces an associated phase change 
in path 1. After electrical conversion by the transducer the echo signal is fed to the 
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Fig. 2. Experimental arrangement for the pressure derivative system. The CFPPLL is 
temperature controlled and indicated by the broken line block. 
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preamplifier by the coupling-decoupling network. The output from the preamplifier is sent to 
one input of the phase detector and buffered for monitoring by an oscilloscope. 
Path 2 is the reference signal path from the frequency synthesizer to the phase 
detector and is routed through a phase shift network. The phase shift network includes a 
Voltage Controlled Phase Shifter which is controlled by a DC voltage. The output of the 
phase shift network passes through a line stretcher, used for calibration of the system, and 
then to the phase detector. During data collection no adjustment to the line stretcher is made. 
Phase comparison of the two paths is performed by the phase detector. The phase 
detector output voltage is equal to one half the product of the input voltage amplitudes times 
the cosine of the phase differences between the two signals. The output is fed to the sample 
and hold circuit which selects the desired portion of the phase signal, and to an output port 
through a buffer for monitoring. The portion of the phase signal chosen for measurement is 
selected by an adjustable timing pulse to the sample and hold circuit whose output is sent to 
the integrator. The integrator is part of the loop control circuit. 
The loop control circuit is made up of the sample and hold, the integrator, the phase 
set point potentiometer, and the adder which provides the control voltage for the phase shift 
network. The control voltage is the sum of the integrator output and the phase set point 
potentiometer voltages. The phase set point potentiometer sets the nominal phase shift about 
which the system operates while the integrator provides a voltage derived from the phase 
detector. When the phase detector output reaches null, the integrator output voltage stabilizes 
to a constant value and thus quadrature between paths 1 and 2 is established. The phase shift 
control switch is normally in the locked position when the system is taking a measurement. 
For set-up it is turned to the unlocked position so that the phase shift network is under 
manual control through the phase set point potentiometer. 
In order to reduce the uncertainty caused by thermal fluctuations, the temperature of 
the CFPPLL is controlled by placing the CFPPLL system in an environmental chamber. The 
temperature of the sample is also controlled by an environmental chamber in the pressure 
vessel as shown in Fig. 3. The chamber is designed to minimize the thermal gradient around 
Gasket 
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Fig. 3. Cross sectional view of the pressure vessel (schematic). 
the sample. The pressure was changed at a rate of 1 psi per minute to satisfy isothermal 
conditions in the vessel. The measurement was made every 50 psi up to 700 psi and back to 
o psi. The time period to complete one cycle of measurement was about 24 hours. The 
temperature inside the pressure vessel was recorded as was the phase voltage and the 
pressure. The graph of Fig. 4 depicts the temperature fluctuation in the vessel. As indicated, 
the fluctuation is less than 0.050C throughout a set of measurement. 
Calibration of the phase shift network is accomplished while keeping the system 
locked onto the point used for the measurement. After recording the voltmeter reading with 
the phase shift control switch in the locked position, the calibrated electrical line stretcher is 
adjusted for a measured phase shift in path 2. After the system stabilizes the voltmeter 
reading is recorded. The change in phase shift control voltage is calculated and the change of 
the output voltage for a corresponding phase shift is thus calculated. An example of the 
linear relationship between phase angle and phase voltage change is shown in Fig. 5. 
EXPERIMENTS 
Samples 
A sample of single crystal silicon and four samples of aluminum alloy 2024-T4 were 
prepared for measurement. The silicon single crystal sample was oriented for acoustic wave 
propagation along the [110] direction. X-ray analysis, however, reveals that the orientation 
is in error by approximately 2 degrees. The sample was cylindrically shaped 4 cm long and 
had a diameter of 3 cm. The sample surfaces were polished flat to optical tolerances (one 
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Fig. 4. Temperature fluctuation at the sample in the pressure vessel as pressure changed. 
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Fig. 5. Phase versus output voltage change of CFPPLL at frequency 5.055053 MHz. 
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wavelength of green light across the sample surface). Opposite surfaces of the sample were 
lapped parallel to within 7 minutes of arc and coated with gold to a thickness of 50 nm. The 
dislocation density of the silicon sample is estimated to be of the order of 1()6 m-2. 
The four aluminum alloy samples were alloy 2024-T4. Al 2024-T4 is a precipitation 
hardened alloy containing 4.5% copper (Cu), 0.8% manganese (Mn), and 1.5% magnesium 
(Mg). It is solution treated, quenched, and naturally aged. Each aluminum alloy sample was 
cut from the gauge section of an ASTM standard "dogbone" specimen after being fatigued in 
stress-controlled loading from zero to 276 MPa. The four specimens were fatigued for 3 
cycles, 1 kcycle, 10 kcycles, and 100 kcycles, respectively. The samples were cylindrically 
shaped, nominally 2 cm in length and 2.54 cm in diameter. Surface flatness was within one 
wavelength of green light across all flat sample surfaces. Opposite surface parallelism was 
within 10 minutes of arc. The dislocation density of the most fatigued aluminum sample is 
estimated to be of the order of 1016 m-2. 
Pressure Derivative Measurements 
The pressure derivative measurements were made using 5 MHz longitudinal mode 
LiNb03 transducers bonded to the sample surfaces using nonaq stopcock grease. The result 
for the silicon [110] single crystal is shown in Fig. 6 where the change of natural sound 
velocity is plotted as a function of hydrostatic pressure from 0 to 700 psi. The slope dW/dP 
for both the pressure increasing and pressure decreasing curves were determined by least 
squares fitting to be 0.57 (mm/sec)/psi, although the two curves were slightly offset. The 
offset is attributed to slight difference in temperature, upon increasing and decreasing 
pressure, beyond the capabilities of the temperature controller (± 0.03°C) to control and 
attests to the extreme sensitivity of the CFPPLL system. 
In Fig. 7 the slopes for the four fatigued aluminum samples are shown and compared 
with the result of silicon [110] single crystal. In this plot only the data points obtained for an 
increase of pressure are shown. The slopes are again determined using least squares fitting. 
Another interesting result is obtained for the aluminum 2024-T4 sample fatigued for 3 
cycles. The pressure was increased slowly from zero to 300 psi and then decreased back to 
zero at the same rate. The result, shown in Fig. 8, indicates a strong hysteresis in the sound 
velocity as a function of pressure. The hysteresis cannot be attributed here to temperature 
fluctuations, since the variation in sound velocity is well outside that associated with the 
difference in temperature upon increasing and decreasing pressure as described for the offset 
in the result of silicon [110]. 
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Fig. 6. Change of sound velocity in silicon [110] single crystal as a function of hydrostatic 
pressure at temperature 26°C. 
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Fig. 7. Change of sound velocities in fatigued aluminum 2024-T4 samples and silicon [110] 
single crystal as a function of hydrostatic pressure at temperature 26OC. 
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Fig. 8. Hysteresis in sound velocity change versus hydrostatic pressure for the least fatigued 
(3 cycles) aluminum 2024-T4 sample at temperature 26OC. 
CONCLUSIONS 
The experimental results for the silicon [110] single crystal, shown in Fig. 6, 
indicates that dW/dP is 0.57 (mm/sec)/psi. This value is 14% higher than the value 0.5 
(mm/sec)/psi measured by McSkimin and Andreatch [2] using the pulse superposition 
technique with a sensitivity of the order of parts in 105. The maximum pressure used in the 
present work was only 700 psi and is considerably lower than the maximum pressure of 
30000 psi used by them. The 2 degree misorientation of our sample from the [110] direction 
may be responsible for much of the difference between the present work and that of 
McSkimin and Andreatch [2] and points to the necessity of re-measurement with a sample 
more properly oriented. Notwithstanding the difference in orientation, the present work 
demonstrates that pressure derivative measurements can be made at much lower pressure 
range than that used previously because of the high sensitivity of the CFPPLL system. 
Obvious advantages of using the CFPPLL system are that pressure chambers can be 
designed with lower tolerances, hence cost, and that small variations in velocity as a function 
of pressure or stress, which were not previously measurable, can now be measured. 
Fig. 9 shows a plot of dW/dP as a function of the number of fatigue cycles of Al 
2024-T4 from the data of Fig. 7. In this figure the abscissa is plotted on the log scale. The 
data is seen to fit the empirical equation 
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Fig. 9. The slope (dW/dP) versus fatigue cycle for the aluminum 2024-T4 samples at 
temperature 26°C. 
dW = 2... log (x) + 3 
dP 10 (7) 
where x indicates number of fatigue cycles. This logarithmic dependence of dW /dP on the 
number of fatigue cycles may be related to the increase of dislocation density as the fatigue 
level increases. 
The high sensitivity of the CFPPLL system leads to the observation of hysteresis 
effects not seen in previous pressure or stress derivative measurements. As indicated from 
the dW /dP versus pressure plot of the silicon single crystal in Fig. 6, the change of sound 
velocity increases and decreases, respectively, at approximately the same rate upon increasing 
and decreasing the pressure, respectively. The slight difference between the two paths in 
Fig. 6 is probably the result of the increase and decrease of the temperature in the pressure 
cell upon changing the pressure monotonically. The temperature variation associated with the 
different paths is calculated to be less than O.020C. Such temperature increments are beyond 
the capability of the currently used temperature controller to sense. The result obtained in 
Fig. 8 from the aluminum sample fatigued for 3 cycles, however, shows a big difference 
between the hysteresis paths. In order to minimize the uncertainty caused by the temperature 
variation in the pressure cell, the pressure was increased only to 300 psi. Even though the 
pressure is low, the two paths are clearly separated and well beyond uncertainties attributable 
to the temperature controller. The cause of the hysteresis is not, as yet, clear but could be, 
for example, a result of dislocation movement in the aluminum alloy sample brought about by 
irregularly shaped grains and variations in the elastic moduli associated with the grains. This 
phenomenon may be relevant to the characterization of metal fatigue and is a subject of 
current research made possible by the unusually high sensitivity and stability of the CFPPLL 
system. 
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